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One	  of	  the	  major	  concerns	  for	  the	  near	  future	  is	  our	  
ability	   to	   generate	   and	   store	   energy.Though	   green	  
technologies	  for	  energy	  genera8on	  such	  as	  solar	  and	  
wind	  harves8ng	  have	  been	  developed,	  their	  constant	  
ﬂuctua8on	   in	   output	   requires	   a	   cost-­‐eﬀec8ve	   and	  
eﬃcient	   mode	   for	   storing	   the	   energy	   that	   is	  
generated.	   Prospec8ve	   Electrical	   Energy	   Storage	  
devices	   include	   conven8onal	   baEeries,	   fuel	   cells,	  
electrochemical	  capacitors,	  and	  ﬂow	  baEeries.	  I	  have	  
synthesized	   various	   nanopar8cles	   for	   use	   in	   energy	  
genera8on	  and	  storage,	  including	  Flow	  Cell	  BaEeries.	  
Advantages	  of	  Flow	  Cell	  BaYeries	  
IntroducHon	  
-­‐Separa8on	  of	  power	  and	  energy	  /	  ﬂexible	  layout	  
-­‐Electrodes	  not	  consumed	  
-­‐Long	  cycle	  life	  8me	  
-­‐Quick	  response	  8me	  
-­‐No	  physical/chemical	  change	  during	  opera8on	  
-­‐Can	  recharge	  or	  reﬁll	  solu8ons	  
Average	  measurements	  of	  nanomaterials	  
TiO2	  nanowires	  
	  	  	  	  	  	  	  	  	  	  	  	  length:	  	  	  2.5um	  	  	  	  diameter:	  35nm	  
TiO2	  nanotubes	  
	  	  	  	  	  	  	  	  	  	  	  	  inner	  diameter:	  	  43nm	  	  outer	  diameter:	  54nm	  
WO3	  nanowires	  
	  	  	  	  	  	  	  	  	  	  	  	  length:	  	  	  1.2um	   	  diameter:	  35nm	  
MnO2	  nanowires	  
	  	  	  	  	  	  	  	  	  	  	  	  length:	  	  	  7um	  	   	  diameter:	  35nm	  
*In	  comparison,	  the	  average	  diameter	  of	  a	  human	  hair	  is	  100	  um,	  or	  100,000nm.	  
Results	  
Future	  Work	  
-­‐Use	   hydrothermal	   synthesis	   to	   create	   vanadium	  
nanowires	   from	   ammonium	   metavanadate	   powder	  
using	  nitric	  acid	  	  
-­‐Create	  a	  prototype	  ﬂow	  cell	  baEery	  with	  vanadium	  
nanowires	  and	  test	  it	  using	  cyclic	  voltammetry	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Advantages	  of	  NanoparHcles	  
Methods	  
Hydrothermal	  Synthesis	  
In	   hydrothermal	   synthesis,	   the	   metal	   star1ng	   materials	   are	   reacted	   with	  
acids	  or	  bases	  at	  high	  temperatures	  in	  an	  acid	  diges1on	  bomb.	  The	  materials	  
are	  washed	  with	  water	  and	  ethanol	  to	  remove	  salts	  and	  organic	  materials.	  
Hydrothermal	  synthesis	  is	  an	  a<rac1ve	  op1on	  because	  it	  is	  scalable	  and	  non-­‐
toxic,	  which	  makes	  it	  a	  viable	  op1on	  for	  commercial	  produc1on.	  
Materials	   are	   characterized	   by	   Raman	   spectral	   analysis	   and	   Scanning	   Electron	  Microscopy.	   	   In	   Raman	   spectroscopy,	   a	   laser	  
excites	  the	  molecules,	  which	  sca<er	   light	   in	  a	  signature	  pa<ern	  that	  can	  be	  used	  to	   iden1fy	  the	  exact	  materials	  present.	   	  The	  
Scanning	  Electron	  Microscope	  can	  magnify	  a	  sample	  up	  to	  500,000	  1mes	  the	  actual	  size,	  which	  allows	  us	  to	  view	  the	  structures	  
at	  the	  nanometer	  level.	  	  Each	  sample	  is	  shown	  at	  10,000x	  and	  100,000x	  magniﬁca1on.	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Electrochemical	  Synthesis	  
WO3	  nanowires	  
WO3	  nanowires	  at	  10,000x	  
TiO2	  nanotubes	  at	  100,000x	  
TiO2	  nanotubes	  at	  10,000x	  
TiO2	  nanotubes	  	  
TiO2	  nanowires	  at	  100,000x	  
TiO2	  nanowires	  at	  10,000x	  
TiO2	  nanowires	  	  
MnO2	  nanowires	  at	  10,000x	  
MnO2	  nanowires	  at	  100,000x	  
MnO2	  nanowires	  	  
TiO2	  Nanowires	  	  	  	  MnO2	  Nanowires	  	  	  	  WO3	  Nanowires	  
1.   Dissolve	  1mmol	  
KMnO4	  and	  1	  
mmol	  NH4Cl	  in	  
50mL	  H2O	  
2.   Heat	  at	  140oC	  
24hr	  
3.   Wash	  then	  dry	  	  	  
1.   Mix	  7.8mmol	  
TiO2	  powder	  
with	  12.5mL	  
ethanol	  and	  
12.5mL	  10M	  
NaOH	  
2.   Heat	  at	  180oC	  
24hr	  
3.   Neutralize	  with	  
0.1M	  HCl	  
4.   Wash	  then	  Dry	  
In	  electrochemical	  synthesis	  of	  TiO2	  nanotubes,	  
a	  piece	  of	  1tanium	  foil	  is	  connected	  to	  one	  end	  
of	  a	  power	  source,	  while	  a	  pla1num	  electrode	  is	  
connected	   to	   the	   other.	   	   The	   power	   source	  
drives	  a	  20V	  current	  through	  the	  system,	  which	  
causes	   the	   Titanium	   to	   oxidize	   and	   bond	  with	  
oxygen,	  forming	  a	  uniform	  layer	  of	  nanotubes.	  
Acid	  diges1on	  bombs	  allow	  reac1ons	  to	  
proceed	   at	   high	   temperatures	   and	  
pressures	  at	  highly	  acidic	  or	  basic	  pHs.	  
-­‐High	  Surface	  Area	  
-­‐Decreased	  aggrega8on	  
-­‐Fluid	  dispersion	  of	  insoluble	  compounds	  
1.   Dissolve	  5.6mmol	  
Na2WO42H2O	  in	  
10mL	  H2O	  
2.   Add	  3M	  HCl	  unHl	  
1<pH,1.2	  
3.   Add	  50mL	  0.01M	  
EDTA	  soluHon	  
4.   Add	  3.0g	  Na2SO4	  
5.   Heat	  at	  174oC	  
24hr	  
6.   Wash	  then	  dry	  
AMES	  Wind	  Turbine	  
AMES	  Solar	  Panels	  
Flow	  Cell	  Ba<ery	  Schema1c	  
Flow	   Cell	   BaEeries	   work	   by	   ﬂowing	   electroac8ve	  
solu8ons	   through	   an	   electrode.	   	   As	   the	   solu8ons	  
undergo	   oxida8on	   and	   reduc8on,	   a	   current	   is	  
generated.	   	   The	   baEeries	   can	   be	   charged	   by	   the	  
electricity	   from	   wind	   or	   solar	   farms	   and	   then	  
discharged	  to	  supply	  energy	  to	  the	  grid.	  
Redox	  Flow	  Cell	  BaYeries	  
Flow	  Cell	  Ba<ery	  
WO3	  nanowires	  at	  100,000x	  
PlaHnum	  electrode	  
Titanium	  Foil	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 Figure  1 .  A schematic illustration of the structure of a redox fl ow battery. 
large-scale energy storage systems, without technological break-
throughs, it will be diffi cult to rely on VBRs for effi cient usage 
of intermittent renewables. 
 Here we report a new VRB system that uses mixed sulfate and 
chloride electrolytes based on a careful evaluation and under-
standing of the electrolyte chemistry. The mixed electrolyte VRB 
system allows for a more than 70% increase in the energy capacity 
over the current sulfate system and broadens the operational tem-
perature range from 10 ∼ 40  ° C to −5 ∼ 50  ° C, which essentially 
eliminates the need for electrolyte temperature control. 
 2. Results and Discussion 
 2.1. Stability of the Mixed Acid Vanadium Electrolytes 
 First, we systematically evaluated the stability of V 2 +  , V 3 +  , V 4 +  , 
and V 5 +  sulfates in H 2 SO 4 solutions. We found that the lim-
ited stability of the vanadium sulfate solutions ( < 1.7  M V) was 
determined by the low solubility of VOSO 4 at low temperatures 
(−5   °  C) and the precipitation of V 2 O 5 at high temperatures 
(40   °  C), which is consistent with previous studies. [ 13–16 ] We also 
studied the effect of a wide range of organic and inorganic addi-
tives. We were not able to identify any agent that could simulta-
neously stabilize all the four different vanadium cations at both 
the high and low temperature boundaries. 
 Such conclusions led us to explore mixed electrolyte systems 
in which different anions can help stabilize different cations. To 
achieve this goal, we studied the stability of V 2 +  , V 3 +  , V 4 +  , and 
V 5 +  chlorides in HCl solutions in a temperature range of −5 to 
40   °  C. Up to 2.3  M V 2 +  , V 4 +  , and V 5 +  chlorides were stable (i.e., 
without crystallization or precipitation) in 6  M HCl over 10 days 
at all the designated temperatures. The overall stability of the 
chloride solutions was determined by the solubility of V 3 +  at 
low temperatures. At −5   °  C, a mixture of VOCl and VCl 3 pre-
cipitated out from 6  M HCl solutions with  > 1.5  M V 3 +  . 
 These observations suggested that Cl  −  anions help stabilize 
V 4 +  and V 5 +  , whereas SO 4 2 −  anions help stabilize V 3 +  . About 2  M 
or higher V 2 +  was found stable in both solutions. It is therefore 
likely that all the four V 2 +  , V 3 +  , V 4 +  , and V 5 +  cations can be sta-
bilized in mixed sulfate and chloride electrolyte solutions. 
 To prove this hypothesis, the stability of V 2 +  , V 3 +  , V 4 +  , and 
V 5 +  sulfate and chloride mixtures was evaluated from −5 to 
40   °  C. All four valence states of vanadium were stable up to 
2.5  M in a mixed solution containing 2.5  M SO 4 2 −  and 6  M Cl  −  . 
When the vanadium concentration was increased to 3  M , a 
mixture of VOCl and V 2 (SO 4 ) 3 started to precipitate out in the 
V 3 +  -containing solution after 8 days at −5   °  C. Nonetheless, the 
2.5  M stability from the preliminary work represents a signifi -
cant improvement in energy capacity over the current sulfate 
electrolytes. A systematic effort is underway to further optimize 
this newly discovered VRB electrolyte system. 
 Given that there is more concern about the stability of 
electrolytes at high temperatures, the V 5 +  mixed solutions 
were further investigated at 50   °  C. After 10 days, no precipita-
tion was observable in a mixture of 2.7  M V 5 +  and 0.3  M V 4 +  
(corresponding to 90% of state-of-charge of a 3  M VRB system), 
indicating excellent V 5 +  stability in the mixed electrolytes. The 
extension of operational temperatures from 10 to 40   °  C to −5 to 
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-­‐High	  Surface	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